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Abstract 
Titanium–5Al–5Mo–5V–3Cr–0.5Fe (Ti-5553) is a recently developed modification of Russian Ti alloy VT-22, which has 
applications in the aerospace industry for key components such as landing gear. However, Ti-5553 has shown poorer machinability 
than other Ti alloys. The main objective of the present study is examined the chip formation and to calculate, from metallographic 
observations, the shear strains and strain rates both within the segments of chip and within the narrow shear bands. Cutting tests 
were conducted under three levels of cutting speeds and feeds and the obtained chips were collected and analyzed. The study has 
revealed lower strain and strain rates values than what was predicted in previous studies. The obtained results have also been 
quantified in relation to cutting condition to build a database for further and more detailed numerical investigation. 
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1. Introduction 
Titanium (Ti) alloys have received considerable 
interest due to their excellent corrosion resistance, high 
strength-to-weight ratio and high strength at elevated 
temperatures. Ti alloys have wide demands in the 
aerospace industry due to excellent strength-to-weight 
ratio which provides a decrease of aircraft weight and, 
therefore, a reduction in fuel consumption and 
emissions. However, Ti alloys are difficult to machine 
owing to their high strength at elevated temperature, 
high chemical reactivity, relatively low modulus of 
elasticity, and low thermal conductivity [1]. 
During cutting process, a large stress is generated as 
the tool penetrates into the workpiece. Initially, elastic 
deformation occurs as the stress reaches the yield limit 
of the workpiece, then plastic deformation starts and is 
followed by the formation of a chip. As reported by 
Shivpuri et al. [2] and Davies [3], serrated (saw-toothed) 
type of chip commonly found in machining of Ti alloys 
particularly at high-speed machining. This type of chip 
is the result of the cyclic formation of adiabatic narrow 
shear band in the workpiece. According to Komanduri 
[4], the deformation within the chips is heterogeneous, 
and an intense shear has been concentrated in the narrow 
shear bands which divide the chip into discrete 
segments. 
Fig. 1 was constructed by Turley et al. [5] to 
schematically represent a serrated Ti chip and assist with 
the calculation of shear strains in chip formation. They 
reviewed the model of Ti chip formation and reported 
that discrete Ti chip is formed in two steps: (1) 
indentation of workpiece by cutting tool results in a 
homogeneous shear ( h ) in the segments of chip. (2) 
catastrophic shear ( c ) concentrates within the shear 
band which separates each segment of chip. As 
illustrated in Fig. 1, They suggested that line 'eb' would 
be parallel to unmachined surface i.e. line 'AB' if no 
deformation occurred. Thus, h  =ae/ad. They also 
suggested that 'cb' is the shear displacement within shear 
band, and 't' is the thickness of shear band. Thus, 
=cb/t. Total shear strain in the shear band t  = h  + 
 [5]. According to Jaspers et al. [6], the traverse time 
c
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can be calculated by using the thickness of shear zone 
and the cutting speed of this zone is crossed. Thus, shear 
strain rate ( ) can be determined.  t
 
 
Fig. 1. Graphic representation of a serrated Ti chip showing critical 
parameters used in shear strains calculation [5] 
Ti-5553 was publicly introduced in 1997 as an 
improved version of Russian near-  titanium alloy VT-
22. As reported by Nag et al. [7], its application niche is 
for thick-section aerospace components such as landing 
gear due to its high-strength, reported to be as high as 
1,250 MPa at room temperature for certain 
microstructures, and its deep-hardenability over about 
150 mm thicknesses. In spite of these superior 
mechanical properties, its usage is limited due to 
processing difficulties, e.g. poor machinability as 
mentioned by Fanning [8]. In fact, Arrazola et al. [9] 
have reported that Ti-5553 causes more severe tool wear 
than others such as Ti-6-4 alloys and the machinability 
of Ti-5553 is poor and only approximately 56% of Ti-
64. 
Despite several research attempts to improve Ti-5553 
machinability, there is an obvious need to study surface 
integrity, as it significantly affects the performance of 
machined parts subjected to dynamic loading and 
aggressive environments like landing gear components. 
According to Guo et al. [10], surface integrity is 
determined by the deformation state, which is 
characterized by strain, strain rate and temperature, and 
complex loading histories and microstructural evolution 
during machining. Ugarte et al. [11] employed an 
analytical model to determine the plastic shear strain and 
strain rate in the shear bands during orthogonal milling 
of Ti-5553 and Ti-64. Their findings have been listed in 
Table 1 and indicated that Ti-5553 has remarkably 
higher strain and strain rate than the Ti-64. 
Table 1. Effect of work material on shear strain, strain rate (vc 
=40m/min, fz =0.15 mm/tooth, ap=2 mm) [11] 
Work material Shear strain Strain rate[103s-1] 
Ti-64 M.A. 7.0 53.9 
Ti-64 STA 6.2 63.6 
Ti-5553 21.1 121.3 
As machining involves complex thermal and 
mechanical loadings, many models were developed 
based on various assumptions in order to avoid the 
complexities in machining. An accurate modeling of 
dynamic mechanical behavior during machining of Ti 
must be supported with experimental data. Therefore, 
the motive of the present study is to use 'Quick Stop' 
tests and metallographic examination to calculate both 
the actual shear strains and strain rates within the 
segments of chip produced during machining of Ti-5553. 
 
2. Experimental procedures 
A billet of Ti-5553, non-heat treated, was supplied for 
the present study and its microstructure was examined 
from prepared metallographic specimen. The billet was 
machined into a diameter of 25mm and the turning tests 
were carried out on a CNC lathe where an explosive 
'Quick Stop' device was mounted on to the lathe.  
As illustrated in Fig. 2, the device comprises of a tool 
holder held in position by a pivoting rod and shearing 
pin. The impact on the tool holder is provided by a 
release bolt after activating a captive bolt stunner gun. 
The impact force shatters the shearing pin while 
accelerating the tool away from the workpiece during 
cutting. To effectively freeze the cutting action and 
obtain the chip roots care was taken to ensure that the 
dropping velocity of the tool is greater than the cutting 
velocity.  
 
 
Fig. 2. Schematic illustration of mechanism of 'Quick Stop' device 
Fig. 3 shows the 'Quick Stop' tests experimental 
setup. A WNMG carbide inserts were utilized. These 
were 80 degree double sided trigon inserts with zero 
degree clearance angle, and comprised with chip 
breaker. Cutting tests were conducted under dry 
condition with combination of three cutting speeds and 
feeds of 37, 49 and 66m/min and 0.05, 0.1 and 
0.2mm/rev respectively. The depth of cut was kept 
constantly at 2mm for all tests. 
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Fig. 3. Photo of experimental setup and top view of area A 
After each cutting test, the produced frozen chip with 
the attached material (i.e. small portion of workpiece) 
was sectioned away from the workpiece. Subsequently, 
the specimen was cold mounted and then wet grinded 
until the sectioned chip layer was reached. As suggested 
by Fanning [8], G. Muller’s three-step Ti metallographic 
preparations were utilized, and Kroll’s etchant (2ml HF 
and 6ml HNO3 in 100ml H2O) was used for revealing its 
microstructure. Etched samples were observed under the 
optical microscopy to obtain the shear band structure for 
the estimation of shear strain and strain rate. 
 
3. Results and discussion 
3.1. Microstructural characterization of Ti-5553 billet 
Fig. 4 shows the optical and SEM micrographs of the 
as received Ti-5553 workpiece microstructure, where the 
lighter region presents a  phase and darker region 
indicates an  phase. The above observations in terms of 
presenting in the as-forged acicular  phase are 
consistent with the findings of Arrazola et al. [9]. 
 
(a) 
(b) 
Fig. 4. (a) Optical and (b) SEM micrographs of original Ti-5553 
workpiece; in micrographs, the lighter region presents  phase and 
darker region indicates  phase 
3.2. Calculation of shear strain and strain rate in chip 
formation 
Fig. 5 was constructed to illustrate the shear band 
within the segment of serrated Ti chip and show the 
different parameters used for the calculation of shear 
strain and strain rates. It is assumed in constructing Fig. 
5 that the line 'ab' parallels to line 'AB', the line 'ae' 
parallels to line 'db' and the line 'eb' parallels to line 'cf'. 
 
 
Fig. 5. Illustration of homogeneous and catastrophic shares within the 
segment of Ti chip showing critical parameters used in shear strain 
rates calculation 
Based on the definition of shear strain, it can be 
further developed from the Fig. 5 and concluded that the 
line 'bf' and 'eb' were two segments of the line 'ef', before 
the formation of catastrophic shear band. That is because 
catastrophic shear occurs after the segments have been 
subjected to the homogeneous shears, and takes place 
within the shear band. This leads to the conclusion that 
point 'c' on the shear band, as shown in the Fig. 5, moves 
to the point 'b' and results in a shear displacement of 'cb' 
which can be used to quantify the catastrophic shear. 
This argument is consistent with the previous work of 
Turley et al. [5] where the line 'cb' was also denoted as 
the shear displacement within the shear band. 
The time elapsed during homogenous and 
catastrophic shear concentration, the total time in each 
segment of chip is equal to the thickness of the segment 
(ad+t) divided by the cutting speed (v) at which this 
segment has crossed. Thus, strain rate ( ) in shear 
band can be determined by using the following equation: 
t
 
/
t
t ad t v  (1)
An optical micrograph of a polished and etched 
midsection through Ti-5553 chip is shown in Fig. 6. This 
sample (sample 'A') was produced at cutting speed, feed 
rate and material remove rate of 66m/min, 0.05mm/rev 
and 101 mm3/s respectively. 
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Fig. 6. An optical micrograph of a midsection of Ti-5553 chip; 
obtained from sample 'A'; dark colour portion of segment of chip 
indicates an intense shear is concentrated in shear band (catastrophic 
shear) and light colour portion of chip shows a homogeneous shear 
distributes within the segment of chip 
From the micrograph shown above, it can be seen that 
Ti-5553 produces catastrophic shear type chips and 
intense shear has been concentrated in its widely 
separated shear bands (i.e. dark colour portion of the 
segments of chip as shown in the Fig. 6). These shear 
bands divide the chip into the discrete segments. This 
suggests that the formation of the chip is a result of an 
introductory homogenous deformation caused by the 
initial tool indentation and followed up by the 
catastrophic shear along a narrow shear band as a result 
of further advancement of the tool. This proposed model 
of chip formation contrasts the previously proposed 
'indentation-catastrophic shear' model of chip formation 
described by Turley et al. [5]. 
Fig. 6 illustrates the proposed chip formation model 
of Fig. 5 and its critical parameters on an image of the 
segment of chip from sample 'A'. Following the method 
introduced above to calculate the actual shear strains 
both within the segments ( h ) and within the narrow 
shear bands ( c ) for sample 'A'. By measuring the 
length of lines ‘ae', 'ad', 'cb' and ‘t’ from the Fig. 6, it 
was found that ae=46.67μm, ad=63.33μm, 
cb=159.99μm and t=33.33μm. Thus, h =ae/ad=0.74, 
c =cb/t=4.8 and the total shear strain within the shear 
bands t = h + c  =5.54. By inserting ad=63.33μm, 
t=33.33μm and v=66m/min into Equation 1, the shear 
strain rate in the shear bands =6.3 × 104s-1. t
Fig. 7 presents an optical micrograph of a polished 
and etched midsection through Ti-5553 chip. This 
sample (sample 'B') was produced at cutting speed, feed 
rate and material remove rate of 49m/min, 0.1mm/rev 
and 151 mm3/s respectively. 
 
 
Fig. 7. An optical micrograph of a midsection of Ti-5553 chip obtained 
from sample 'B'; the explanation of dark and light colour portions are 
same as in Fig. 6 
By comparing Fig. 7 with Fig. 6, it can be seen that 
these two micrographs have a similar microstructure 
patterns i.e. having a light colour section of chip at the 
top portion of the segments of the chip indicating a 
homogeneous shear distribution within the segment of 
chip. 
Fig. 7 is a segment of sample 'B' chip. Using the same 
method as discussed above to calculate the actual shear 
strains both within the segments ( h ) and within the 
narrow shear bands ( c ) for sample 'B'. After 
measuring the length of lines ‘ae', 'ad', 'cb' and ‘t’ from 
the Fig. 7, it was found that ae=48μm, ad=68μm, 
cb=172μm and t=32μm. Thus, h =ae/ad=0.71, 
c =cb/t=5.38 and the total shear strain within the shear 
bands t  = h + c  =6.1. By inserting ad=68μm, 
t=32μm and v=49m/min into Equation 1, the shear strain 
rate in the shear bands =4.98 × 104s-1. t
Another optical micrograph of a polished and etched 
midsection through Ti-5553 chip is shown in Fig. 8. This 
sample (sample 'C') was produced at cutting speed, feed 
rate and material remove rate of 37m/min, 0.2mm/rev 
and 238 mm3/s respectively. After comparing Fig. 8 with 
Fig. 6 and 7, it can be found that all these three 
micrographs have a similar microstructure pattern i.e. 
having a dark colour narrow shear band at the bottom 
portion of the segments of the chip indicating an intense 
shear is concentrated in shear band (catastrophic shear). 
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Fig. 8. An optical micrograph of a midsection of Ti-5553 chip obtained 
from sample 'C'; the explanation of dark and light colour portions are 
same as in Fig. 6 
Following the method introduced above to calculate 
the actual shear strains both within the segments ( h ) 
and within the narrow shear bands ( c ) for sample 'C'. 
By measuring the length of lines ‘ae', 'ad', 'cb' and ‘t’ 
from the Fig. 8, it was found that ae=173.33μm, 
ad=113.33μm, cb=166.67μm and t=23.33μm. Thus, 
h =ae/ad=1.53, c =cb/t=7.15 and the total shear 
strain within the shear bands t  = h + c =8.68. By 
inserting ad=113.33μm, t=23.33μm and v=37m/min into 
Equation 1, the shear strain rate in the shear bands 
=3.92 × 104s-1. t
A summary of the actual shear strain ( t ) and strain 
rate ( ) obtained from the sample 'A', 'B' and 'C' is 
listed in Table 2. The average value of the actual shear 
strains and strain rates shown in the Table are 6.77 and 
5.07 × 104s-1. By comparing the average actual shear 
strain and strain rate with predicted shear strain 
( t =21.1) and strain rate ( =12.13 × 10
4s-1) reported 
by Ugarte et al. [11], it can be found that the predicted 
values are 3.1 and 2.4 times higher than the average 
measured values obtained thought this experimental 
study. 
t
t
Table 2. Effect of cutting speed (v), feed rate (f) and material remove 
rate (MRR) on the actual shear strain ( ) and strain rate ( ) t t
v[m/min]/f[mm/rev] MRR[mm3/s] 
t t
 [104s-1] 
66/0.05 101 5.54 6.30 
49/0.10 151 6.10 4.98 
37/0.20 238 8.68 3.92 
 
Comparison of the total shear strain ( t ) and strain 
rate ( ) within the shear bands of sample 'A', 'B' and 
'C', it can be seen that sample 'C' has the highest total 
shear strain and lowest shear strain rate of 8.68 and 3.92 
× 104s-1 than others. In relation to the obtained total 
shear strain and strain rate values with the cutting speed, 
feed rate and material remove rate in producing sample 
'A', 'B' and 'C', after comparing, it can be found that 
there is a strong correlation between the total shear strain 
( t ) and material remove rate (MRR); higher MRR and 
larger t . It can also be found that the effect of cutting 
speed (v) on the shear strain rate ( ) is significant as 
the cutting speed determines the time for shear 
concentration in each segment of the chip; faster v and 
larger . 
t
t
t
 
4. Concluding remarks 
In this study the chip formation during machining Ti 
5553 is examined. It was suggested that the chip is 
formed as a result of an initial homogenous deformation 
caused by the tool workpiece indentation and followed 
up by catastrophic shear band formation along the 
narrow shear zone. Based on the chip examination and 
applying the proposed methodology, the followings are 
observed: 
 The measured strain and strain rate values are lower 
than what was predicted in previous studies 
 Shear strain is much greater within the shear bands 
(8.68) than in the segments (1.53) in Ti-5553 chip 
formation obtained at cutting speed and feed rate of 
37m/min and 0.2mm/rev 
 Shear strain ( t ) is directly proportional to the 
material remove rate (MRR) 
 As expected, cutting speed (v) affects shear strain rate 
( t ); higher v, larger t . 
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